CRYPTOSTEADY -FLOW  ENERGY  SEPARATION 
Joseph  V.  Foa 

George  Washington  University 


Prepared  for: 

Naval  Air  Systems  Command 
October  19  7  2 


DISTRIBUTED  BY: 


r\TTT 


■  ^  "MB 

LNJ  U 


National  Technical  Information  Service 
U.  $.  DEPARTMENT  OF  COMMERCE 

5285  Port  Royal  Road,  Springfield  Va.  22151 


Best 

Available 

Copy 


AD  762031 


TR-ES-723 


CRYPTOSTEADY-FLOW  ENERGY  SEPARATION 

BY 

JOSEPH  V.  FOA 

SCHOOL  OF  ENGINEERING  AND  APPLIED  SCIENCS 
THE  GEORGE  WASHINGTON  UNIVERSITY 
WASHINGTON,  D.C.  20006 


OCTOBER  1972 


PREPARED  UNDER  CONTRACT  FOR 
MECHANICAL  EQUIPMENT  BRANCH 
NAVAL  AIRSYSTEMS  COMMAND, 
NAVAIR  CONTRACT  NO.  NO 019-72 -C- 0122 . 


v;  \ 


APPROVED  FOR  PUBLIC  RELEASE; 
DISTRIBUTION  UNLIMITED 


ACKNOWLEDGMENT 


This  work  was  supported  by  the  Mechanical  Equipment  Branch 
of  the  U.  S.  Naval  Air  Systems  Command,  under  Contract  Number 
N00019-72-C-0122. 


ABSTRACT 


The  mechanism  of  cryptost Cady- flow  energy  separation  is 
described  and  analyzed  ii  its  most  general  form,  with  full  con¬ 
sideration  of  the  effects  of  bearing  friction  or  other  rotor 
torque,  and  of  such  asymmetries  as  unequal  discharge  pressures, 
peripheral  velocities,  flow  losses,  prerotation  velocities,  and 
discharge  angles. 

Equations  are  also  developed  for  the  proportioning  of  rotor 
nozzles  in  accordance  with  performance  specifications. 
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NOMENCLATURE 


c  =  fluid  particle  velocity  in  Fg 

F  =  frame  of  reference  in  which  the  flow  is  steady 
s 

F  =  frame  of  reference  in  which  the  energy  separation  is 
u  utilized 

h  =  specific  static  enthalpy 

h°  «  specific  stagnation  enthalpy  in  Fu 

h*  =  specific  stagnation  enthalpy  in  Fg 

L  =  externally- appl ied  rotor  torque  (positive  if  driving 
torque) 

« 

m  =>  mass  flow  rate 

M  =  angular  momentum  (per  unit  mass)  of  input  flow 

p  =  static  pressure 

V 

p°  =  stagnation  pressure  in  Fu 

r  =  distance  from  rotor  axis 

u  -  fluid  particle  velocity  in  F,„ 

u 

u '  ■  =  "prerotation"  velocity  (defined  as  M/rd) 

^  =  velocity  of  F  relative  to  Fy 

V  =  wr 

a  =  ratio  of  total  no2zlc  exit  area  on  b  side  to  total 

nozzle  exit  area  on  £  side 

0  =  inclination  of  nozzle  axis  to  normal  to  \*  in  external- 

separation  devices  (see  Fig.  2) 

y  =  ratio  of  specific  heats 

5  «  cos  G  (negative  on  a  side) 

n  =  (h*  -  h^)/(li*  -  hQ)  (nozzle  efficiency) ' 

G  =  angle  ($>c) 

:c - 

Note  that  this  definition  differs  from  those  used  in  previous 
papers  on  this  subject. 
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INTRODUCTION 


Cryptosteady  energy  separation  is  a  process  whereby  the 
total  head  or  total  specific  enthalpy  of  a  portion  of  a  flow  is 
increased  at  the  expense  of  the  corresponding  quantities  in  the 
remainder  of  the  same  flow,  through  direct  and  essentially  non- 
dissipative  exchanges  of  energy, 

It  is  known  that  reversible  transfers  of  mechanical  energy 
in  flow  systems  are  possible  only  where  the  interacting  flows 
are  nonsteady  [1J^.  Indeed,  in  the  only  known  steady-flow 
mechanism  of  redistribution  of  energy  within  an  initially  homo¬ 
geneous  flow-- that  of  the  Ranque-IIilsch  tube  [2,3] — the  transfer 
of  energy  is  effected,  rather  inefficiently,  through  the  action 
of  viscous  stresses.  On  the  other  hand,  considerably  better 
performance  has  been  shown  to  be  possible  when  the  energy  trans¬ 
fer  is  effected  by  "pressure  exchange,"  i.e.,  through  the  work 
of  interface  pressure  forces;  and  pressure  exchange  is  always 
a  nonsteady  process,  because  no  work  is  done  by  pressure  forces 
acting  on  a  stationary  interface. 

In  an  effort  to  improve  energy  separator  performance  through 
the  utilization  of  pressure  exchange,  some  attention  has  been 
given  during  the  last  decade  to  devices  called  "dividers,"  which 
'operate  on  the  basis  of  wave  processes  [■1,5],  There  is  reason 
to  believe,  however,  that  the  development  of  practical  and  ef¬ 
ficient  dividers  would  be  very  difficult,  because  of  the  sensi¬ 
tivity  of  these  devices  to  such  factors  as  imperfect  timing  of 
moving  mechanical  parts  to  wave  and  flow  processes,  diffusion  of 

■^Numbers  in  brackets  designate  References  at  end  of  paper. 


interfaces,  noninstantaneous  opening  and  closing  of  valves,  dis¬ 
tortion  of  shock  fronts,  etc.,  not  to  mention  the  usual  analytical 
complexities  of  nonsteady-flow  processes. 

This  paper  deals  with  a  nonsteady-flow  method  of  energy 
separation  in  which  the  difficulties  just  mentioned  are  overcome 
through  the  utilisation  of  "cryptost.eady"  pressure  exchange — a 
cryptostaaly  process  being  defined  as  one  that  is  nonsteady  but 
admits  a  frame  of  reference  in  which  it  is  steady.  The  special 
merit  of  cryptosteady  processes  is  that  they  can  be  generated, 
controlled,  and  analyzed  as  steady-flow  processes  in  this  unique 
frame  of  reference,  while  retaining  all  the  potential  advantages 
of  nonsteady  flows  in  the  frame  of  reference  in  which  they  are 
utilized. 

A  simple  interaction  of  this  type  is  shown  : : .  Fig.  1.  Here 

two  flows  deflect,  each  other  to  a  common  orientation  in  a  frame 

of  reference  F  in  which  they  are  both  steady.  Apart  from  trails- 

port  processes,  no  energy  is  exchanged  between  the  two  flows  in 

this  frame  of  reference,  A  transfer  of  energy  does,  however, 

take  place— by  pressure  exchange — in  the  frame  of  reference  F  of 

an  observer  0  moving  at  an  arbitrary  velocity  V  relative  to  F  . 

s 

The  energy  so  transferred  is  equal  to  the  work  done  by  the  pres¬ 
sure  forces  which  the  interacting  flows  exert  on  one  another  at 

their  interface.  This  work  is  zero  in  F  .  where  the  interface 

s 

is  stationary,  but  not  in  F,  where  the  interface  moves.  Since 
changes  of  the  frame  of  observation  are  reversible,  these  energy 
exchanges  are  essentially  nondissipative.  Note  that,  because 
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of  the  existence  of  a  frame  of  observation  in  which  the  flow  is 
steady  (frame  F  ) ,  the  flow  in  F  is  cryptostoady .  Analyses  of 
cryptosteady  interactions  and  discussions  of  some  of  their  appli¬ 
cations  have  been  presented  in  previous  papers  [6,7,8,9,10]. 

The  operation  of  the  cryptosteady  energy  separator  may  be 
explained  in  a  similar  manner  [11]  ,  through  consideration  of  a 
simple  two-dimensional  situation,  such  as  that  shown  in  Fig.  2. 

Hero  a  plane  and  initially  homogeneous  stream  i  is  seen  issuing 
from  a  nozzle  as  a  jet  and  impinging  on  a  wall  W.  The  flow  field 
is  stationary  in  a  frame  of  reference  F  ,  which  is  the  coordinate 
system  fixed  to  the  nozzle.  Body  forces  are  assumed  to  be  absent, 
and  viscous  stresses  and  heat  exchanges  with  the  surroundings  are 
assumed  to  be  negligible. 

The  impingement  causes  the  jet  to  divide  into  two  separate 
streams  a  and  b.  interfacing  with  one  another  at  the  stagnation 
stream  surface  s.  For  example,  if  the  discharge  pressure  is  the 
same  on  t tie  two  sides,  the  ratio  of  the  masc  flow  rates  in  the 
two  streams  is  p  =  (1-  sin  $)/(l+  sin  8). 

The  specific  stagnation  enthalpy  (or  the  total  head,  if  the 

fluid  is  incompressible)  is,  in  frame  F  ,  the  same  in  the  deflected 

flows  as  in  the  original  stream.  This,  however,  is  not  true  in  any 

other  frame  of  reference.  In  particular,  letting  c  and  u  denote 

fluid  particle  velocities  relative  to  F  and  to  the  frame  of 

reference  Fu  of  an  observer  moving  relative  to  Fg  at  an  arbitrary 

velocity  V  relative  to  the  wall,  respectively,  one  has  u  =  c  +  V, 
hence 


i  (ub  "  UV  =  j  (cb  ‘  c«5  *  (’cb  “  ca>  ,v 


So  long  as  V  ^  0,  the  term  (c.  -  c  ) *V  never  vanishes, 

u  a 

because  c^  and  ca  have  different  orientations.  Therefore, 

<u£  -  u*)  /  2;  (cjj  -  c^)  ,  and  since  the  thermodynamic  states 
are  invariant  with  respect  to  changes  of  the  frame  of  ref¬ 
erence,  there  follows 


H  -K*hb-hZ 

Thu9,  if  h£  =  h*.  h°.  Since  the  original  stream  i^  is 

seen  as  a  homogeneous  stream  in  every  coordinate  system,  it  must 

I 

be  concluded  that  energy  is  transferred,  in  F  ,  from  one  portion 
to  the  other  of  this  stream,  as  these  two  portions  are  deflected 
to  different  orientations.  This  fact  can  also  be  explained  on 
the  basis  of  the  observation  that  in  frame  the  interface  s 
iu  moving  and  the  interface  pressure  forces  are  therefore  doing 
work.  The  energy  that  ^s  transferred  from  a  to  b  is,  of  course, 
the  work  done  by  a  on  b  in  this  pressure  exchange  interaction. 

As  pointed  out  in  references  [11]  and  [12] ,  a  situation 
approximating  that  of  Fig.  2  may  be  obtained,  with  a  stream  of 
finite  transverse  dimensions,  through  lateral  confinement  of 
the  deflection  region  by  means  of  end  plates  or  vanes.  These 
vanes  must  be  shaped  to  lead  the  deflected  flows  into  separate 
spaces.  AS  a  consequence ,  the  flow  can  be  strictly  cryptosteady 
only  if  the  confining  vanes  are  stationary  in  Fs« 
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The  motion  of  F  relative  to  F  is  most  simply  maintained 
s  u 

by  the  reaction  of  the  issuing  jet  i  solf.  In  the  situation  of 
Fig.  2,  the  source  may  bo  a  nozzle  which  is  constrained  to  move 
in  a  direction  parallel  to  the  wall  W.  A  more  practical  arrange¬ 
ment  is  that  of  Fig,  3,  whore  jets  issuing  from  slanted  noz2los 
or  slots  on  the  surface  of  u  free-spinning  rotor  impinge  on  the 
internal  surface  of  an  enshrouding  wall .  This  arrangement  ap¬ 
proximates  that  of  Fig.  2,  so  long  as  the  radial  depth  of  the 
annular  impingement-deflection  space  is  small  compared  to  its 
mean  radius. 

In  contrast  to  the  "external  separation"  configuration  of 
Fig.  3  (where  the  separation  of  the  two  flows  takes  place  out¬ 
side  the  rotor) ,  Fig.  4  shows  an  "internal  separation"  arrange¬ 
ment.  Here  the  separation  of  the  two  flows  takes  place  inside 
the  rotor.  The  two  flows  are  'ischarged  through  separate  nozzles, 
of  which  only  two  are  shown.  A  schematic  view  of  another  internal- 
separation  arrangement,  defining  some  of  the  nomenclature  used 
in  this  paper,  is  shown  in  Fig.  5.  In  either  case,  say  for 
simplicity  that  bearing  friction  is  negligible,  the  discharge 
pressure  is  uniform,  the  nozzle  inclinations  to  the  rotor  surface 
are  equal  and  opposite,  and  the  internal  flow  losses  are  the  same 
for  both  flows.  Then,  if  the  nozzle  areas  are  unequal,  the  rotor 
will  rotate  at  the  angular  velocity  which  is  required  for  the 
conservation  of  the  total  angular  momentum  of  the  flow  in  the 
laboratory  frame  of  reference  (frame  F  ) ,  thus  producing  the 

required  motion  of  F„  relative  to  F  . 

■*  s  u 
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Several  variations  of  those  arrangements  are  described  in 
reference  [12], 

Cry ptos tone y  energy  separa: ion  was  first  nr opened  and  analyse 
in  reference*  Ill],  which  also  contains  an  account  of  some  of  the 
experiments  in  which  the  validity  of  the  concept  was  first  tested 
and  confirmed. 

Tho  analysis  of  reference  [11]  accounts  for  most  of  the 
pertinent  parameters,  including  rotor  torque  and  flow  losses, 
but  covers  only  situations  in  which  the  peripheral  vc  city,  the 
discharge  pressure,  and  the  entropy  rise  are  the  same  on  the  b 
as  on  the  a  side,  the  inclinations  of  the  discharge  velocities  on 
the  two  sides  are  equal  and  opposite,  and  prerotation  of  the  input 
flow  is  absent.  The  effects  of  departures  from  such  symmetries 
have  received  relatively  little  attention  until  recently,  except 
for  a  study  by  Hr. shew  [13]  on  the  effect  of  prerotation  and  for 
a  series  of  performance  analyses  of  internal- separation  devices,  i 
which  the  effects  of  prerotation  (assumed  to  be  uniform  through¬ 
out  the  input  flow)  and  of  differences  o^  no~zlc  inclination, 
peripheral  velocity,  and  discharge  pressure  on  the  two  sides 
have  been  individually  examined  by  this  writer. 

A  more  comprehensive  study  of  the  subject  has  recently  been 
completed  by  Graham  [14],  as  part  of  a  comparative  analysis  of 
the  three  classes  of  energy  separation  techniques-- steady ,  non¬ 
steady,  and  cryptostcady .  In  dealing  with  the  latter  technique, 
the  Graham  paper  analyzes  in  detail  the  effect  of  unequal  pres¬ 
sures  on  the  behavior  of  the  emerging  jet  in  external-;:  'paratjen 
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devices  and  also  examines  two  output  flow  collection  effects 
which  are  critical  with  these  devices.  Viscous  reattachment  of 
the  deflected  jets  to  the  collector  walls  is  found  to  be  poten- 

v 

tially  beneficial,  whereas  flow  pulsations-*-!. e.  ,  departures 
from  cryptosteadiness — in  the  collection  process,  resulting 
from  the  use  of  confining  vanes  stationary  in  F  ,  are  found  to 
be  detrimental.  The  latter  determination  is  of  particular 
importance,  in  that  it  provides,  for  the  first  time,  a  firm 
rationale  for  focussing  attention  on  those  devices  of  this  class 
in  which  the  flow  is  truly  cryptosteady. 

For  such  devices,  whether  they  be  of  the  internal-  or  of 
the  external-separation  variety,  the  Graham  analysis  develops 
"core  performance"  equations  in  which  the  most  important  design 
and  operational  parameters  appear  simultaneously,  with  full 
account  of  their  nonlinear  interactions.  However,  these  equa¬ 
tions  require  iterative  solution  in  most  cases,  and  their  use 
is  again  limited  in  practice,  because  of  their  great  complexity, 
to  the  individual  evaluation  of  the  separate  effects  of  pre¬ 
rotation  (again  assumed  to  be  uniform) ,  rotor  torque,  and  unequal 
back  pressures,  nozzle  efficiencies,  and  exit  flow  orientations. 

The  present  analysis  approaches  the  same  problem,  for  strictly 
cryptosteady  situations,  by  a  different  route,  which  leads  to 
simple,  closed-form  solutions  in  all  cases.  The  analysis  accounts 
for  all  design  and  operational  parameters  so  far  identified,  as 
well  as  for  their  conceivable  asymmetries  (including  unequal  pre¬ 
rotations)  and  nonlinear  interactions.  Equations  are  also 
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developed  for  the  design  of  cryptosteady-flow  energy  separators 
in  accordance  with  any  given  set  of  feasible  performance  speci¬ 
fications  . 


GENERALIZED  PERFORMANCE  ANALYSIS 


The  following  equations  apply  to  both  flows  a_  and  b: 

~hi  -  I  4/  +  l  (?e  -  va 


=  h?  +  4  v!  -  Mw 
i  2  e 


*1  +  ?<Vd  ‘  VP 


«  h?  +  4-  V,  -  u'V 
i  2d 


with 


-  2(h,  -  hfl) 


-  2n(hd  -  h!  ♦ 


Pd  ^ 

<  =  2hi  f1  ■  (pf)  f  J 


Equation  (3)  is  plotted,  for  y  =  1.40,  in  figure  6. 
From  Equations  (1)  and  (2)  there  follows 


cj  «  n(V2  -  2u'V  +  u‘) 


Equation  (4)  is  plotted  in  Figure  7. 


Also, 


ud  =  cd  +  V*  +  2cdV6 


8 


and,  by  definition, 


c20 

cr 


Equations  (1),'(4),  (S) ,  and  (6)  yield 


(6) 


ho  .  o 

d  i 


=  1 


U^  2 

+  6  /n  [  («-)  + 
d 


1-2  —1  -  — 
1  1  Vj  V, 


1/2 


u1 


(7) 


The  use  of  V  as  an  independent  variable  is  analytically 
convenient  (as  shown  by  the  development  above)  and  is  justified 
by  the  special  constraints  to  which  the  selection  of  this 
parameter  is  subjected  in  practice  (constraints  of  rotor  size  • 
and  structural  strength,  of  bearing  characteristics,  etc.)* 

Equation  (7)  applies  independently  to  each  of  the  two  out¬ 
puts,  It  covers,  therefore  .ich  asymmetries  as  unequal  periph¬ 
eral  velocities,  discharge  ssures,  flow  losses,  rerotation 
velocities,  ancl  discha  ang  es.  Rotor  torque  is  implicitly 
accounted  for  through  flow  ratio,  as  will  be  seen  below. 

The  mass  £1>  ui .  related  to  the  specific  enthalpy 
increments  through  the  energy  equation 


"aha  *  nbhb  "  mihi  + 


Lu 


whence 


Lw 

hrha  4  ”i 

hb-‘n  -  - 


(8) 
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The  "cold  fraction"  is 


v  = 


1+M 


(9) 


and  the  "cooling  capacity  coefficient"  is,  by  definition. 


<  -  v(hj-h;)/vj 


(10) 


Equation  (7)  is  plotted,  for  y  -  1.40,  and  for  four 
different  values  of  |6/rj|,  in  Figs.  8  (a) ‘through  8(d),  In 
each  chart,  the  lower  portion  (for  <S/n  <  0)  provides  the  solution 
for  the  £  side,  and  the  upper  portion  for  the  b  side.  The  nota¬ 
tion  u'/V  on  the  abscissa  scale  stands  for  or  u^/V^, 

depending  on  whether  this  scale  is  used  in  conjunction  with 
the  £  or  b  portion  of  the  chart.  If  <$„ /rT  f  6, /in  ,  the  two 
stagnation  enthalpy  increments  must  be  obtained  separately,  each 
from  the  appropriate  chart. 

Figure  (9)  is  a  convenient  chart  for  the  comparative  eval¬ 
uation  of  solutions  from  the  standpoint  of  cooling  capacity,  for 
situations  in  which  rotor  torque  is  negligible  and  Vda  =  V^. 

Figures  6  through  9  can  be  used,  of  course,  also  in  the 
solution  of  the  reverse  problems  resulting  from  interchanges  of 
dependent  and  independent  variables  (e.g.,  in  the  determination 
of  the  rotor  speed  and  input  and  discharge  pressures  that  are 
required  to  produce  a  specified  cooling  capacity  coefficient). 
Furthermore,  visual  inspection  of  these  charts  readily  uncovers 
a  good  deal  of  useful  information  on  the  magnitude,  sizes,  and 
relative  importance  of  changes  of  various  parameters  in  relation 
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to  their  separate  or  combined  effects  on  performance.  Thus,  for 
example,  the  charts  confirm  the  existence  of  an  optimum  positive 
prerotation  on  the  side  when  the  pressure  ratio  on  that  side 
is  low;  they  reveal  that  opposite  prerotntions--positive  on  the 
a_  side  and  negative  on  the  b  side--can  be  remarkably  beneficial 
from  the  standpoint  of  cooling  capacity  for  any  given  rotor 
speed;  and  they  provide  a  tool  for  the  quick  selection  of  the 
operational  parameters  that  will  best  combine  to  produce  any 
desired  result. 

The  equations  developed  above  apply,  of  course,  to  both 
internal-  and  external-separation  devices.  Thus,  once  a  satis¬ 
factory  solution  has  been  identified,  the  determination  of  the 
combination  of  operational  parameters  (rotor  speed,  mass  flow 
ratio,  etc.)  that  will  produce  this  solution  is  the  same  for 
both  subgroups.  The  same  cannot  be  said,  however,  of  the  manner 
in  which  the  selected  combination  can  be  implemented.  In  the 
first  place,  in  internal-separation  devices  the  controlling  de¬ 
sign  parameter  is  the  nozzle  area  ratio  ct,  whereas  in  external 
separation  devices  it  is  the  impingement  angle  $.  In  the  second 
place,  the  effect  of  unequal  discharge  pressures  on  rotor  speed 
and  mass  flow  ratio  is  markedly  different  in  the  two  subgroups 
[14].  Finally,  impingement  wall  boundary  layer  effects  on  per¬ 
formance,  absent  in  internal  separation,  arc  believed  to  be 
potentially  significant  in  external  separation,  although  very 
little  is  yet  known  about  them.  The  latter  point  is  particularly 
important,  in  that  it  points  to  residual  uncertainties  that  still 
make  the  correlation  of  design  to  performance  a  good  deal  less 
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reliable  with  external  than  with  internal  separation.  For  this 

reason,  only  the  internal -separation  version  will  be  considered 

in  the  following  analysis  of  the  controlling  parameters. 

* 

Two  cases  will  be  discussed: 

(a)  the  case  in  which  the  rotor  nozzle  flows  are  fully 
expanded  on  both  the  a  and  the  b  side,  and 

(b)  the  case  in  which  the  rotor  nozzles  are  under- 
expanded  and  both  flows  are  sonic  at  the  nozzle 
exits. 

Case  (a). 

If  the  nozzle  flows  arc  fully  expanded  to  prescribed  pres¬ 
sures  p^a  and  p^>  the  velocities  Cja  and  can  be  obtained 
from  Eq.  (4)  or  from  Fig.  7. 

From  the  equation  of  state, 


pdb  „  -  pdh  hda 
pda  pda  hdb 


-  £db 
“  pda 


(11) 


and,  from  the  definition  of  p, 


P 


cdb  pdb 
cda  pda 


(12) 


12 


Finally,  Eqs .  (1),  (11),  and  (12)  yield 


a  -  \\ 


cda  Pda  2h°i  *  Vb  -  2"bVb  "  cdb 
cdb  -Pdb  2hl  +  Va  '  2^Va  •  cda 


(13) 


y  is  calculated  from  Eq.  (8),  and  it  is  through  this  parameter 
that  rotor  torque  is  accounted  for. 

Case  (b)  . 

Since  both  flows  are  sonic,  the  mass  flow  ratio  is  [15] 


_  pdb  fhda//2 

h*  JL. 

x  ^  0  ^cl  *  V  - 1 

Now,  on  each  side,  p^  =  Xp^  =  Xp^  (^-c-)  ' 

>  h*  T*-1 

„  _  „  Ab  "db.iVfT? 

P  -  «  t—  lyrs  J 
Aa  nda 

Eqs.  (1)  and  (15)  yield,  for  y  -  1.40, 


Th\is , 


(14) 


(15) 


2h!  +  Vl  -  2u!V 


_  ,  a  (  i 
«  =  y  t—  ( — r 


a  a- 


b  2h*  +  v£  -  2u'Vb 


(16) 


where,  as  before,  u  is  obtained  from  Eq.  (8)  and  accounts  for  L. 

SYMMETRICAL  CASES 

For  those  cases  in  which  6^  =  *  <$a,  nb  «  na  (or  Xb  **  Xa), 

uob  -  uoa'  Vb  =  Va  =  v>  ub  “  ua  =  0f  and  L  s  °>  Bcls-  (8) 
through  (10),  and  (13)  or  (16),  yield 


h®  -  h!  =  h!  -  h"  +  2VJ 
b  x  i  a 


(17) 


and 


hence 


-  hP  ■  “C'-b  • 


ht  -  h°  =  v1 

l  a  1  -  y 


u  =  a 


WJplfc.  Ji,ill,i>4l-.l'  IlmijM"  1  .<««  llifcrt'* .1  Ik'** 
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Schematic  of  cryptosteady  interaction 
Schematic  of  cryptosteady  energy  separation 
External-separation  arrangement 
Internal-separation  arrangement 
Another  internal -separation  arrangement 


Energy  separator  performance  with  |6/nJ  =  1.0 
Energy  separator  performance  with  |<$/n|  =  0.9 
Energy  separator  performance  with  |6/iT|  =0.8 
Energy  separator  performance  with  =  0.7 
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